ABSTRACT The rare gas xenon contains two NMR-sensitive isotopes in high natural abundance. The nuclide '"Xe has a spin of 'h; '31Xe is quadrupolar with a spin of 3/2. The complementary NMR characteristics ofthese nuclei provide a unique opportunity for probing their environment. The method is widely applicable because xenon interacts with a useful range of condensed phases including pure liquids, protein solutions, and suspensions of lipid and biological membranes. Although xenon is chemically inert, it does interact with living systems; it is an effective general anesthetic. We have found that the range of chemical shifts of '"Xe dissolved in common solvents is ca. 200 ppm, which is 30 times larger than that found for 13C in methane dissolved in various solvents. Resonances were also observed for 131Xe in some systems; they were broader and exhibited much greater relaxation rates than did '29Xe. The use of '29Xe NMR as a probe of biological systems was investigated. Spectra were obtained from solutions of myoglobin, from suspensions of various lipid bilayers, and from suspensions of the membranes of erythrocytes and of the acetylcholine receptor-rich membranes of Torpedo californica These systems exhibited a smaller range ofchemical shifts. In most cases there was evidence of a fast exchange of xenon between the aqueous and organic environments, but the exchange was slow in suspensions of dimyristoyl lecithin vesicles.
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Xenon NMR spectroscopy is a potential probe of the structural and dynamic aspects ofthe molecular environment ofthe xenon atom in physical and biological media. Natural xenon contains 26% '29Xe which has spin I = 1/2 and 21% 131Xe which is a quadrupolar nucleus and has spin I = 3/2. The NMR sensitivity of '29Xe is relatively large and the solubility of xenon in most liquids is high for an apolar gas-e.g., from 4.3 mM in water to 166 mM in isooctane at 1 atm and 273 K-so the NMR spectra ofboth isotopes can be observed with commercial multinuclear spectrometers. The chemical shift of the xenon atom is especially reflective of its environment due to its large, polarizable, electron cloud. In xenon compounds, shifts up to 4000 ppm have been observed (1) . In the free xenon atom, the effects of the medium can produce sizable shifts. Such shifts have been observed in pure liquid and gaseous xenon as well as in gas mixtures of xenon with a second component (1) . However this effect had not been studied in condensed phases. We have observed solvent-dependent shifts over a range of ca. 200 ppm, a range that is much larger than the solvent shifts of 13C and 19F (2, 3) .
Xenon interacts with many biological systems including myoglobin (4) and hemoglobin (5) . It is also soluble in lipid bilayers: membrane/gas partition coefficients vary from 0.4 (at 20°C) in erythrocytes (6) to 1.3 (at 25°C) in egg lecithin (unpublished data). Its most striking pharmacological property is its ability to induce general anesthesia; its efficacy is comparable to that of nitrous oxide (7) . The physicochemical mechanism of anesthetic action is controversial, but it is likely that the locus of action is either in the lipid or the protein region of excitable membranes (8) . If the NMR characteristics of xenon in these environments differ widely, then this would have obvious implications for distinguishing among theories ofanesthetic action.
MATERIALS AND METHODS
Xenon gas (Linde, 99.995%) was dissolved in the various liquid solvents at 1 atm (101 kilopascal) by shaking the gas with the liquid in a syringe. Solutions containing xenon at higher pressures were prepared on a vacuum line. Known amounts ofxenon were distilled into heavy-walled NMR tubes containing the solvents and sealed off under vacuum. Reagent-grade solvents were used without further purification. Samples of biological materials that could be denatured by freezing were prepared by condensing the xenon at the top of the tube. Most Usually a 300 pulse and a 1-to 2-sec pulse repetition time were used. With a 2000-Hz sweep width, 4000 data points were collected, giving a resolution of ±0.5 Hz. A concentric capillary filled with 2H20 was used as a spectrometer lock. The observed resonance frequencies were compared to a sample ofxenon gas at 10 atm, and the shift with respect to the gas at zero pressure (24,784,771.0 Hz) was calculated from the known pressure dependence ofthe 129Xe shift in the pure gas (9) . The shifts quoted here are given in ppm downfield from the frequency ofthe pure gas at zero pressure.
Phospholipid vesicles were prepared in aqueous solution as described (10 (2) . These include a contribution from the bulk susceptibility ofthe sample, the effects of electric fields generated by any permanent dipole moments ofthe solute or solvent, the effect of any magnetic anisotropy of the solvent, and the "van der-Waals" term which arises in the dispersive and repulsive solute-solvent interactions. In xenon spectra, in Proc. Natl. Acad. Sci. USA 78 (1981) which the shifts are large, the van der Waals term dominates and the other terms can be ignored to a first approximation.
Linder (12) (17) . This interpretation, of the myoglobin-xenon interaction is corroborated by the fact'that the resonance of '31Xe is considerably broadened by the presence of small amounts of myoglobin (lmg/ml).
The effect of exchange on the spectrum of xenon in a heterogeneous medium is illustrated in Fig. 1 which shows the spectrum of xenon at 10 atm in an aqueous suspension of (Myr)2Lec vesicles above their native gel-liquid crystalline phase transition (240C). At 350C the xenon is in slow exchange, as indicated by the two peaks. The sharp peak at 197.3 ppm can be assigned to xenon dissolved in water; its chemicalshift is very close to that observed in pure water at the same temperature and pressure (197.4 ppm). The broad peak at 196.3 ppm must be due to xenon associated with the (Myr)2Lec. Presumably, the high local viscosity causes an enhanced relaxation rate and concomitant line broadening. This assumption is consistent with the finding that the ratio of peak areas in Fig. 1 (1:11) is not proportional to the ratio of moles of xenon in each phase (1:1). We did not attempt to collect fully relaxed spectra. The spectrum at 350C indicates that the rate of exchan e of xenon between the two phases is smaller than 140 sec-. Only a single broad peak at 19,3.7 (21) . Given xenon's unusually high sensitivity to its environment, it is unlikely that NMR studies of any other anesthetic would be capable of resolving this problem.
